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Abstract: We demonstrate theoretically and experimentally that Fano 
resonances can be obtained in terahertz metamaterials that are composed of 
periodic continuous metallic wires dressed with periodic split ring 
resonators. An asymmetric Fano lineshape has been found in a narrow 
frequency range of the transmission curve. By using a transmission line 
combined with lumped element model, we are able to not only fit the 
transmission spectra of Fano resonance which is attributed to the coupling 
and interference between the transmission continuum of continuous 
metallic wires and the bright resonant mode of split ring resonators, but also 
reveal the capacitance change of the split ring resonators induced frequency 
shift of the Fano resonance. Therefore, the proposed theoretical model 
shows more capabilities than conventional coupled oscillator model in the 
design of Fano structures. The effective parameters of group refractive 
index of the Fano structure are retrieved, and a large group index more than 
800 is obtained at the Fano resonance, which could be used for slow light 
devices. 
©2014 Optical Society of America 
OCIS codes: (160.3918) Metamaterials; (240.6680) Surface plasmons; (260.5740) Resonance. 
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1. Introduction 
Before the conceptual work of Fano resonance in 1961 [1], the Lorentzian formula was 
regarded as the fundamental lineshape of a resonance. In contrast to Lorentzian resonance, 
Fano resonance exhibits a distinctively asymmetric shape. The origin of this asymmetric 
lineshape is due to the constructive and destructive interference of a broad spectral line or 
continuum with a narrow discrete resonance [2]. Although Fano resonance was firstly 
discovered in quantum mechanics, its classical analogs have been found to be ubiquitous in 
classical optics systems including plasmonic nanostructures and metamaterials [3]. For 
instance, the phenomenon of extraordinary optical transmission through an array of 
subwavelength holes can be understood in the Fano analysis [4,5]. Furthermore, when the 
frequencies of two Fano resonances overlap, an analog of electromagnetically induced 
transparency (EIT) effect can be realized [2,6]. Analogs of EIT effects have also been 
obtained in photonic crystals [7], and plasmonic structures [8]. Over the past several years 
Fano resonances have been observed in a number of plasmonic nanostructures [9–14], 
metamaterials [15–17], metasurfaces [18,19], and nanoclusters including different number of 
nanoparticles [20–27]. Due to their narrow bandwidth and highly asymmetric lineshape, Fano 
resonances can be utilized in applications such as biosensors [28], plasmonic rulers [29], slow 
light [30], plasmonic switch [31], and modulators [32], etc. In order to obtain Fano 
resonances, a popular design is to use a broad band dipolar resonator interfering with a 
narrow band higher order quadrupole resonator [8,9,18,20]. The dipole resonator is 
considered as a bright mode that can be excited by the incident wave, while the quadrupole 
resonator is considered as a dark mode that cannot be excited by the incident wave directly. 
Meanwhile, another way to create Fano resonances is to introduce symmetry breaking into 
plasmonic systems. For instance, Fano resonances have been realized by introduction of 
symmetry breaking into split ring resonators (SRRs) with double splits [16], and ring-disk 
nanocavities [10]. By introducing symmetry breaking, higher order resonant modes such as 
quadrupole modes can be excited. However, due to the complex characteristics of higher 
order resonant modes, it remains a challenging task to design Fano resonances at specific 
frequencies. The existence of higher order modes may also put strict precision requirement on 
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the fabrication process, where a small variation of the geometries could change the resonance 
line shape drastically. To avoid the disadvantages of using higher order resonant modes, 
Lovera et al. demonstrated Fano resonances from the interaction of two bright dipolar modes 
only and this kind of Fano resonances are more robust and easy to engineer [33]. 
In this paper, we report Fano resonances at terahertz (THz) frequencies arising from the 
interference of the transmission continuum of a continuous metallic wires array and the bright 
resonant mode of SRRs. In the present design of Fano resonances, no dark mode is used. 
Although there have been theoretical models addressing the analysis of Fano resonances of 
plasmonic structures with high accuracy, complex mathematics are needed in the derivations 
[34–36]. Therefore, a simple model of coupled mechanical oscillators (CMO) has been 
widely used in the analysis of Fano resonances of plasmonic structures [2,33,37,38]. While 
the CMO model can help us to understand the nature of Fano interference, its parameters do 
not correspond directly to the properties of the plasmonic structures so that the CMO model 
can hardly be used in the real design. Meanwhile, another method of lumped circuit elements 
was also proposed to study the response of plasmonic nanostructures [39, 40]. In order to 
better understand the underlying mechanisms involved in Fano resonances, in this paper we 
have used a transmission line combined with a lumped element (TLLE) model to describe 
Fano resonances [41]. In contrast to the CMO model, the TLLE model is more intuitive and 
its parameters correspond directly to the properties of the metamaterials. In the TLLE model, 
most of the input parameters of Fano resonances are the plasmonic properties of the original 
resonant modes before coupling. Therefore, we demonstrate clearly that it is the interaction 
between the original modes that results in the hybridized Fano resonant modes. By tuning the 
original modes of the SRRs, one can easily tune the frequency position of Fano resonances. 
Furthermore, we have also retrieved the effective refractive index and group index for the 
“Fano metamaterials”. At the frequency of transmission peak of the Fano resonance, a group 
index more than 800 can be obtained. Such “Fano metamaterials” could be exploited for the 
development of slow light devices. 
2. The design of the Fano structures 
Figure 1(a) shows the schematics of the designed planar Fano structure, which consists of 
periodic continuous gold wires attached with periodic SRRs fabricated on a quartz substrate. 
The incident electromagnetic (EM) wave is polarized in the x direction along the continuous 
gold wires. Figure 1(b) depicts the unit cell of the Fano structure shown in Fig. 1(a). The 
dimensions of the unit cell are given in the caption of Fig. 1. Basically, the structure of Fig. 
1(b) can be seen as the combination of a metallic wires structure shown in Fig. 1(c) and a 
SRR structure shown in Fig. 1(d). 
Figure 2 shows the simulation results of transmission spectra for a series of Fano 
structures of Fig. 1(a) with different slit width (S = 1, 3, 5, and 7 μm). The simulations were 
carried out in the frequency domain using CST Microwave Studio commercial software in 
which finite integration technique is employed. The dielectric constant of gold is described by 
the Drude model 2 21 / ( )p cf f if fε = − + with the plasma frequency 2175pf = THz and the 
collision frequency 9cf = THz [42], respectively. The quartz has a refractive index of 2.1. 
During the simulations, one unit cell of the metamaterial was placed inside a simulation 
region with the transverse boundary conditions set to be periodic. Two simulation regions 
were placed at the entrance and exit of the simulation region to serve as source and detector, 
respectively. The distance between the detector (or source) region and the metamaterial slab 
is set to be 3 cm. In order to obtain the pure response of the Fano structures in the 
transmission spectra, we employed a thick substrate and set the simulation region of detector 
to be impedance matched to the substrate to avoid Fabry-Perot echoes from the back surface 
of the substrate. 
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 Fig. 1. (a) The schematics of the metallic planar Fano structure on a quartz substrate with a 
thickness of 0.38 mm. (b) The unit cell of the metallic Fano structure, which can be regarded 
as the combination of (c) A unit cell of purely continuous metallic wires structure, and (d) A 
unit cell of purely SRR structure. The dimensions of the Fano structures are as following: Ax = 
Ay = 40 μm, W1 = 8 μm, W2 = 6 μm, L = 24 μm, H = 22 μm, and S is the slit width that can be 
tuned. The thickness of gold for the Fano structure is 200 nm. 
 
Fig. 2. The simulation results of the transmission magnitude spectra for the Fano structure of 
Fig. 1(a) with a varied slit width S = 1,3,5,and 7 μm, as shown in the inset. Asymmetric 
lineshapes of Fano resonances can be clearly seen, and the resonant frequency can be tuned by 
varying the slit width S. 
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From Fig. 2, it is seen clearly that a series of asymmetric lineshapes of transmissions, 
which are the main characteristics of Fano resonance, are obtained in the frequency range of 
1.0 to 1.2 THz. When the slit width (S) increases from 1 μm to 7 μm gradually, the 
transmission peak of the Fano resonance shifts accordingly from 1.00 THz to 1.15 THz. At 
the same time, the strength of the Fano resonance decreases, and the FWHM (full width at 
half maximum) of the transmission peak increases. The reason is that when the slit width 
increases, the residual electric dipole moment becomes larger. Therefore, the radiation loss of 
the SRR structure increases [43]. This results in the lower quality factor of the resonance and 
the line width of the transmission peak increases. 
 
Fig. 3. (a) The simulation results of the transmission and absorption spectra for the Fano 
structure with slit width S = 3 μm. (b), (c), and (d) are the current distribution corresponding to 
the three frequencies indicated by the colored dots on the transmission spectrum. (e) is the 
electric field |E| distribution at Fano resonance on the cut plane at the middle thickness of the 
Fano structure. 
In order to study the nature of the Fano resonance, it is helpful to calculate the current and 
field distributions around the resonant frequency. However, it is difficult to determine the 
exact frequency of Fano resonance only from the transmission spectrum. Therefore, we also 
calculated the absorption spectrum for a typical Fano structure with slit width S = 3 μm. Here 
the absorption spectrum is obtained according to the formula A = 1-T-R, where A is 
absorption intensity, T is transmission intensity, and R is reflection intensity, respectively. 
Figure 3(a) shows the simulation results of both transmission and absorption spectra. The 
frequency of the absorption peak corresponds to the exact frequency of the Fano resonance 
which lies between the transmission peak and dip [19]. On the curve of the transmission 
spectrum, we marked three frequency positions with different colored dots which correspond 
to transmission peak, Fano resonance, and transmission dip, respectively. Figures 3(b)–3(d) 
show the current distributions for the three frequencies corresponding to the three colored 
dots. Since the currents in the y direction do not contribute to the far-field scattered fields 
polarized in the x direction, in the following we will mainly discuss the current distributions 
that flow in the x direction (horizontal direction). The green dot corresponds to the 
transmission peak. As shown in Fig. 3(b), at this frequency, the currents on the overlapping 
area of the SRRs and continuous wires flow in the direction that is opposite to the currents on 
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the rest area of the Fano structure. This will result in a destructive interference of the scattered 
field, which leads to the transmission peak. On the other hand, the orange dot corresponds to 
the transmission dip. It can be seen from Fig. 3(d) that at this frequency the currents on the 
overlapping area are almost cancelled out, while the currents on the rest areas are in phase 
and their scattered fields will interfere constructively leading to the transmission dip. 
According to the peak position of absorption, the true Fano resonant frequency is marked in 
purple. Its current distribution is shown in Fig. 3(c). It is seen that the currents in Fig. 3(c) are 
considerably stronger than that of Figs. 3(b) and 3(d). Since the absorption comes from the 
resistance of the gold layer, the stronger currents in Fig. 3(c) result in the peak of the 
absorption spectrum. The frequency of the purple dot also corresponds to the highest electric 
field enhancement. Figure 3(e) shows the magnitude of the electric field distribution on the 
cut plane at the half thickness of the gold layer. The maximum electric field enhancement is 
located at the slit gap area of the Fano structure. The magnitude of the electric field can be 
enhanced by a factor of 65 that corresponds to an intensity enhancement of more than 4,000. 
This will be useful in applications of plasmonic sensors. While for the other two frequencies, 
the enhancement factors of the electric field magnitude are 36 for the transmission peak 
(green dot) and 12 for the transmission dip (orange dot), respectively. 
 
Fig. 4. (a) The TLLE-model for the Fano structure. (b), (c), and (d) are the comparison 
between the results of TLLE-model and the results of simulation for the continuous wires 
structure, SRR structure, and Fano structure, respectively. Both the magnitude and phase 
information are presented. The transmission magnitudes of samples are all normalized to the 
results of a bare substrate. 
As can be seen from Fig. 1, the Fano structure is intuitively constructed by adding the 
SRR structure to the continuous wires structure. Therefore, to better understand the formation 
#217125 - $15.00 USD Received 16 Jul 2014; revised 5 Sep 2014; accepted 10 Oct 2014; published 20 Oct 2014
(C) 2014 OSA 3 November 2014 | Vol. 22,  No. 22 | DOI:10.1364/OE.22.026572 | OPTICS EXPRESS  26578
of Fano resonance, one should also study the characteristics of the SRR arrays and continuous 
wires arrays quantitatively. Accordingly, we have calculated the transmission spectra (both 
magnitude and phase) for the continuous wires structure and SRR structure with slit width S = 
3 μm, and the results are shown in Figs. 4(b) and 4(c). The results of Fano structure with slit 
width S = 3 μm are also shown in Fig. 4(d) for comparison. 
From Fig. 4(b), it is seen that the continuous wires structure shows a typically continuum 
transmission characteristic of a plasmonic metamaterial with its permittivity being negative 
[44], where below the effective plasmonic frequency the transmission becomes lower when 
the operation frequency decreases. It can be seen from Fig. 4(c) that the SRR structure shows 
a typically narrow Lorentz transmission dip at 0.89 THz. In the higher frequency range, the 
line shape is distorted by the higher frequency mode [41,45]. In Fig. 4(d) of the Fano 
structure, it is seen that an asymmetric line shape of resonance is added on to the continuum 
spectrum. The resonant frequency of this Fano resonance (1.08 THz) is blue shifted compared 
to the SRR resonance frequency (0.89 THz). In order to better understand the mechanisms of 
Fano resonance and the blue shift of the resonant frequency, we have established TLLE 
models to mimic the planar structures of Fig. 1 [41]. Compared with the usually used CMO 
model [37,38], the parameters of the TLLE-model (resistance R, inductance L, capacitance C) 
are more intuitive because they correspond physically to the properties of the metasurfaces 
and plasmonic structures [45,46]. Figure 4(a) shows the TLLE-model for the Fano structure. 
Zi and Zo represent the impedances of input side (air) and output side (quartz substrate). R1, 
L1, and C1 represent the lumped element parameters of the SRR structure. R2 and L2 
represent the lumped element parameters of the continuous wires structure. There is a 
mutually inductance M between L1 and L2, where κ= ⋅M L1 L2 . κ is the coupling 
coefficient in the range from 0 to 1. When R1 is set to be infinite (a very large value 
practically) and κ is set to be 0, the TLLE-model is effectively mimicking the continuous 
wires structure. Figure 4(b) shows the fitting results compared to the simulation results with 
the lumped element parameters R2 = 0.5 Ω, and L2 = 9.36 pH. It is seen that both the 
magnitude and the phase information are in good agreement. Similarly, after setting the R2 to 
be infinite and κ to be 0, we can fit the resonance of the SRR. Figure 4(c) shows the fitting 
results and the simulation results with the lumped element parameters R1 = 5.8 Ω, L1 = 35.87 
pH, and C1 = 0.8824 fF. It is seen that the fitting results and the simulation results are in good 
agreement in the lower frequency range, while in the higher frequency range they do not 
match to each other. This is because a higher frequency electric dipole resonance mode lying 
at 2.54 THz is not included in the TLLE model [41,45]. Based on the obtained lumped 
element parameters of continuous wires and SRRs, the simulation results of the Fano 
structure can be fitted with the TLLE model. During the fitting process of the Fano structure, 
the parameters of R1, L1, R2, and L2 are fixed at the original values and only the values of 
C1 and κ are varied. Since the connection of the SRRs has changed the capacitance between 
neighboring SRRs, C1 should be changed [47]. The final fitting results are shown in Fig. 4(d) 
and agree well with the simulation results. The lumped element parameters R1, L1, R2, and 
L2 remain unchanged. C1 decreased from 0.8824 fF to 0.6042 fF, and the coupling 
coefficient κ is 0.25. It is worth noting that in the higher frequency range, the fitting results 
and the simulation results agree better for the Fano structure [Fig. 4(d)] than for the pure SRR 
structure [Fig. 4(c)]. This is because some of the higher order modes that exist in the SRR 
structure are eliminated by the connection of the continuous metallic wires. Consequently, by 
using the TLLE model, it is verified both qualitatively and quantitatively that the blue shift of 
the resonant frequency of the Fano structure compared to the SRR structure is mainly due to 
the variation of the capacitance of the SRR structure. However, if the CMO model is used to 
fit the simulation results, it would be difficult to obtain the above quantitative results. 
Therefore, compared to the CMO model, the TLLE model can play much powerful role in the 
future design of Fano resonance structures or EIT structures. 
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 Fig. 5. (a) The retrieved effective index n (real and imaginary parts) of the Fano structure and 
the wires structure, respectively. (b) The calculated effective group index ng (real and 
imaginary parts) of the Fano structure based on the data of (a). (c) The retrieved results of 
permittivity ε (real and imaginary parts) for the Fano structure and the wires structure. (d) The 
retrieved results of permittivity μ (real and imaginary parts) for the Fano structure and the 
wires structure. 
One of the applications of the sharp Fano resonance is to obtain slow light. Therefore it is 
of interest to calculate the effective index (n) of the Fano structure. It is valid to assign 
effective parameters to the Fano structure since the periodicity of the Fano structure is 40 μm 
that is only one seventh of the operation wavelength. Actually, in the research field of 
metamaterials, the continuous metallic wires structure is usually used to obtain negative 
permittivity, and the SRR structure is usually used to obtain negative permeability when the 
incident wave is along the plane of SRR and the electric field is polarized parallel to the plane 
of SRRs [48]. However, here the propagation direction of the incident wave is normal to the 
plane of SRRs. In this case, one cannot obtain negative permeability although the inductance-
capacitance (LC) resonance mode of the SRRs can still be excited [44]. In order to calculate 
the effective index, we have obtained the reflection and transmission data including both the 
magnitudes and phase information. Then we use the retrieval method reported in previous 
works to retrieve the effective parameters [44,48,49]. During the retrieval process, the 
effective thickness of the Fano structure is set to be 200 nm, which is the thickness of the gold 
layer. Figure 5(a) shows the retrieved effective index (n) including both real and imaginary 
parts for the Fano structure. It is seen that around the frequency of 1.1 THz, the real part the 
effective indices are positive. At the frequency of 1.07 THz, the imaginary part of the 
effective index is the least. Based on the data of effective index, we have calculated the 
effective group index (ng) for the Fano structure as shown in Fig. 5(b). It is seen that the 
group index shows large values in the resonant frequency range which may be used for the 
application of slow light. To get a good performance of the slow light, one should choose the 
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frequency point of zero imaginary part of ng [50]. Around the frequency of 1.05 THz, the 
imaginary parts of ng are nearly zero, while the real parts of ng are more than 800. This means 
that at the frequency of 1.05 THz, an incident electromagnetic wave pulse will propagate 
through the 200 nm thick Fano structure at a speed 800 times slower than it propagates in 
vacuum. 
In Fig. 5(a), the real part of n for the Fano structure is negative over a large spectral range 
except for the resonant frequency range, and this may seem unreasonable at the first glance. 
Furthermore, considering the absorption curve in Fig. 3(a), the imaginary part of n for the 
Fano structure does not show a traditional resonant peak as one might expect intuitively. In 
order to explain these phenomena, we have done more retrieval works for the Fano structure 
as well as the wires structure. The effective refractive index n for the wires structure is also 
shown in Fig. 5(a). It is clearly seen that the real part of n for the wires structure is negative in 
the whole frequency range. The n (including the real and imaginary parts) of the wires 
structure shows similar features as the n of the Fano structure except for the frequency range 
of resonance. Figures 5(c) and 5(d) show the corresponding effective parameters of 
permittivity (ε) and permeability (μ) for the Fano structure and the wires structure, 
respectively. The parameter ε of the wires structure shows a typical shape of Drude model 
with loss. The parameter ε of the Fano structure can be seen as the summation of the 
lineshapes of Drude model and Lorentz model. Therefore, the results of ε for both the wires 
structure and the Fano structure are reasonable and easy to understand. However, the results 
of μ in Fig. 5(d) show “unusual” features. The real part of μ is less than 1, and the imaginary 
part of μ is larger than 0. Actually, it was pointed out several decades ago that this kind of 
diamagnetic response can happen when a metallic body is subjected to a high frequency 
magnetic field owning to the generation of eddy currents within the skin depth [51]. 
Diamagnetic response was also achieved in metallic photonic crystals [52]. For a 
metamaterial with effective permittivity ' ''iε ε ε= + , and permeability ' ''iμ μ μ= + , a possible 
(not the only) way to achieving a negative refractive index is to satisfy the equation 
' ' 0ε μ μ ε+ <  [53]. Thus, a negative real part of the refractive index n εμ= can be 
obtained. For the wires structure and the Fano structure studied here, the above equation is 
satisfied in a wide frequency range. Consequently, the real part of the n of the wires structure 
and the Fano structure is negative in the corresponding frequency range. Furthermore, the 
imaginary part of the n of the Fano structure does not represent the absorption behavior of the 
Fano structure. Instead, the absorption behavior is closely related to the imaginary part of the 
effective parameter of ε. 
3. Experiment results and discussions 
Based on the design of Fig. 1(a), we have fabricated the Fano structures (with S = 3 μm and 5 
μm) on a 0.38 mm thick quartz substrate using photolithography and lift-off. The gold layer 
has a thickness of 200 nm. The whole sizes of the samples are 1 cm by 1 cm. Two optical 
microscope images of the samples are shown in Fig. 6. 
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 Fig. 6. The fabricated Fano structures with slit width (a) S = 3 μm, and (b) S = 5 μm. 
 
Fig. 7. (a) A typical time domain signal in the measurement truncated at 5.2 ps for the Fano 
structure with slit width S = 3 μm. (b) The transmission spectra of experimental results for two 
Fano structures with slit width S = 3 μm and 5 μm. (c) The transmission spectra of simulation 
results with the time domain signal truncated at 20 ps. (d) The transmission spectra of 
simulation results with the time domain signal truncated at 5.2 ps. 
For the experimental study of the metamaterial samples, a powerful THz time-domain 
spectroscopic system was used. An amplified kHz repetition rate Ti:Sapphire laser system 
delivering 35 fs pulses at 800 nm central wavelength and maximum energy of 2.3 mJ/pulse 
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was used. Part of the initial beam, with energy equal to 1.3 mJ/pulse, was focused in ambient 
air after partial frequency doubling in a beta-barium-borate (BBO) crystal (50 μm thick) to 
produce a two-color filament and subsequently, THz radiation [54]. For the detection of the 
emitted THz radiation, a time resolved electro-optic sampling method was used where a small 
part of the initial laser pulse probes the THz-induced birefringence in an electro-optic crystal 
(1 mm thick ZnTe crystal). By varying the time delay between the probe and the THz beam, 
the time profile of the THz electric field of the THz pulse was recorded. The frequency 
profile of the THz electric field was obtained by Fourier transform of the time profile. The 
frequency dependent amplitudes T(ω) of the transmitted THz pulse through the samples were 
normalized by dividing the sample spectra by the reference spectrum, T(ω) = 
Esample(ω)/Eref(ω), where the reference spectrum was the recorded spectrum of the bare quartz 
substrate. The whole experimental setup was enclosed in a purge gas chamber to avoid water 
vapor absorption of the THz radiation and all measurements were performed at low levels of 
humidity. 
In order to avoid the Fabry-Perot echoes from the back and front surfaces of the substrate 
[16], the time domain signals of the measurements are truncated at 5.2 ps according to the 
thickness of the of quartz substrate. Figure 7(a) shows a typical time domain signal in the 
measurement truncated at 5.2 ps for the Fano structure with slit width S = 3 μm. It can be seen 
clearly that at 5.2 ps, the oscillations of the signal has not dumped out. Therefore after the 
truncation the spectra will show less sharp resonant features compared to the simulation 
results [16]. Figure 7(b) shows the transmission spectra of the measured results for two Fano 
structures with S = 3 μm, and 5 μm, respectively. It is seen that the resonant lineshape of the 
measurement results is not as sharp as the simulation results in Fig. 2 due to the limited time 
window of the measurement. In order to further illustrate the effect of the truncation of time 
domain signals, we have carried out time domain simulations for the two Fano structures. The 
simulation setup is similar to that used in the frequency domain simulation. We firstly obtain 
the time domain signals, then Fourier transform the time domain signals with different 
truncations to get the transmission spectra in frequency domain. Figures 7(c) and 7(d) shows 
the two transmission spectra for the time domain signal truncated at 20 ps and 5.2 ps, 
respectively. It is shown that the results in Fig. 7(c) are very close to the designed results 
shown in Fig. 2, while the simulation results in Fig. 7(d) shows less sharp Fano resonances 
very similar to the measured results of Fig. 7(b). The discrepancy between the experiment 
results of Fig. 7(b) and the simulation results of Fig. 7(d) might mainly come from two 
aspects. One aspect is that the fabricated structure is not exactly the same as the designed one. 
The dimensions of the fabricated structures are not uniform but have a random distribution. 
The other aspect is that the dielectric constant of the metal gold in the simulation may not 
exactly match that of the gold film in the experiment. Consequently, the results of 
experiments and simulations are not in perfect agreement. In summary, Fano resonances 
around 1 THz have been experimentally obtained which match the simulation results and the 
Fano resonance can be tuned by changing the slit width of the SRR structures. 
One interesting question may be whether it is possible to retrieve the effective parameters 
from the experimental data. Theoretically, if the magnitude and phase information of the 
reflection and transmission can be obtained accurately in the experiment, the effective 
parameters of the samples can be readily retrieved according to the appropriate retrieval 
algorithm [44,48,49]. However, this requires more sophisticated experimental configurations 
that may be studied in the future. 
4. Conclusions 
In conclusion, we have studied Fano resonances in terahertz metamaterials that are 
constructed by combining SRRs to continuous wires structures. The asymmetric Fano 
lineshape of the transmission spectrum comes from the coupling and interference between the 
nonresonant background transmission continuum of the continuous wires structure and the 
resonant scattering of the bright mode of the SRRs. By using a TLLE model, the underlying 
mechanism of Fano resonance has been analyzed in detail. The reason for the frequency shift 
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of Fano resonance compared to the original SRR resonance is revealed quantitatively with the 
aid of TLLE model. Since the parameters in the TLLE model correspond directly to the 
physical properties of plasmonic structures, we hope that it can play more important roles in 
future design of Fano resonance structures and EIT structures. We also retrieved the effective 
parameters of refractive index and group index for the Fano structure. A large group index of 
more than 800 is obtained which shows potential applications for slow light devices. 
Acknowledgments 
This work is supported by the projects DPT-HAMIT, ESF-EPIGRAT, NATO-SET-181 and 
TUBITAK under Project Nos., 107A004, 109A015, 109E301. Financial support was also 
provided by the Aristeia project “FTERA” (grant no 2570) co-financed by the EU and Greek 
National Funds and the EU project “Laserlab Europe”. The author E.O. acknowledges partial 
support from the Turkish Academy of Sciences. The author X.Y. acknowledges partially 
support from the University of Missouri Interdisciplinary Intercampus Research Program. 
The authors acknowledge J. Gao for helpful discussions about this work. 
 
#217125 - $15.00 USD Received 16 Jul 2014; revised 5 Sep 2014; accepted 10 Oct 2014; published 20 Oct 2014
(C) 2014 OSA 3 November 2014 | Vol. 22,  No. 22 | DOI:10.1364/OE.22.026572 | OPTICS EXPRESS  26584
